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Abstract 
For an efficient integration of a subsequent CO2 scrubbing in a power plant, it is necessary to analyze the heat sources and sinks 
which go along with the scrubbing. For this purpose, a model of the CO2 absorption and desorption process is generated in the 
equation-based simulation software Aspen Custom Modeler®.
The heat sources and sinks of the scrubbing and the CO2 compression are integrated in a model of the reference power plant 
North Rhine-Westphalia. To reduce the loss of efficiency, different measures to use the waste heat, like heat pumps, Organic 
Rankine- or Kalina cycles are reviewed.  
© 2010 Elsevier Ltd. All rights reserved 
Keywords: Simulation; heat integration, use of waste heat 
1. Introduction 
In March 2007, it was resolved to reduce the greenhouse gas emissions in Europe be by 20 % by the year of 
2020, in comparison with 1990. The fact that about 40 % of the emissions arise from fossil fuelled power stations 
necessitates CO2 reduction measures in this area. In Germany, coal-fired power plants with a power output of more 
than 25 GWel are currently being planned or under construction. The only option for this generation of power plants 
is a secondary CO2 separation, as it has a minimal effect on the combustion, thus enabling the plant to continue 
producing electricity even in case of a breakdown in the scrubbing system. CO2 is separated by means of chemical 
absorption. Especially amines are most qualified as absorbent agents, with monoethanolamine (MEA) being 
considered, despite several disadvantages, as the best solvent. 
The solvent reactivation in the desorber requires large amounts of energy, which brings about a considerable loss 
of efficiency. In this paper measures involving reduction of the required energy are reviewed. 
For this purpose, a model of the CO2 absorption and desorption process is generated in the equation-based 
simulation software Aspen Custom Modeler® (ACM). Simulated calculations allow for heat sources and heat sinks 
during the CO2 separation to be analyzed. The model also helps carrying out general dimensioning of the plant 
sections. Since the absorption column has a diameter of 18 m due to the high flue gas volume flow rate, it was  
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examined to what extent partial recirculation of the cleaned flue gas affects the dimensions and the operation of the 
CO2 scrubbing. 
In parallel, a model of the reference power plant North Rhine-Westphalia is generated using the power plant 
simulation software Ebsilon Professional®. Heat sources and heat sinks of the CO2 scrubbing and compression are 
integrated into this model in order to quantify the impact on the efficiency of the plant. Various energy recovery 
measures such as the application of heat pumps or an ammonia cycle are reviewed. Ammonia can be vaporized at 
lower temperatures (depending on the pressure in the system) than water. Thus, the large amount of low temperature 
heat, which occurs during the CO2 scrubbing and compression can be used to heat, evaporate and overheat the 
ammonia, which then can be expanded in an ammonia-turbine and then condensed with cooling water. As an 
alternative to ammonia, also other media which have a lower boiling point than water and can be condensed with 
cooling water can be used. 
Moreover, simulated calculations were carried out so as to analyze the influence of partial flue gas recirculation 
and, in particular, the influence of the necessitated air decomposition system on the power plant efficiency. Thereby, 
the recirculation stream is drawn-off before the CO2-Absorber, because at this point, the flue gas is nearly free of 
impurities. 
2. Modeling and Simulation of the CO2 scrubbing process 
The CO2 absorption and desorption is modeled and simulated in the equation based software Aspen Custom 
Modeler®. The columns are divided into several submodels. The component list is defined in Aspen Properties®.
ELECNRTL is used as property method. 
The mass transfer is described by the two-film 
theory by Lewis and Whitman [1]. Due to the 
chemical reaction in the liquid film, the mass transfer 
is enhanced. To account for this, the liquid film is 
subdivided like it was proposed by Kucka [2]. The 
phase equilibrium is described by Henry´s Law for 
the gaseous components and by Raoult´s Law for the 
liquid components. Bulks, films and the interface are 
programmed as submodels. The superior model, 
which describes the separator stage, links the different 
submodels, in which these interact with the columns 
hydrodynamics and for the liquid phase with the 
reactions. Depending on the reaction velocity, the 
reactions are modeled as equilibrium or kinetically 
controlled reactions. Figure 1 shows the structure of a 
column model. 
The model was validated with published 
measurement data from the CASTOR-Plant [3], [4]. 
On the top of the absorber, a washing step is 
needed, because due to the phase-equilibrium, some 
MEA enters the clean gas stream. Furthermore, 
ammonia and other degradation products would be 
emitted, if there was no washing step. The washing 
step is modeled in order to observe the limit values, 
which are given in the “TA-Luft”, a german 
regulation of edict-type. The washing section is filled 
with structured packings, cooled water is used as 
absorbent. Because of the lower temperature in the 
washing step, some evaporated water from the 
absorption is condensed. The condensed water is feed 
back in the absorber. Thus, the washing step 
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Figure 1: Structure of the column model 
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influences the water balance of the system.  
Figure 2 shows the comparison between the simulation results and published date. For both of the columns good 
consistency of the data can be shown.  
For the integration in a power plant process, the model has to be scaled-up. After doing so, simulations are 
carried out to search for appropriate process conditions and to analyze heat sources and sinks of the process. Heat 
sources occur in the condenser at the top of the desorption column, in the solvent and flue gas cooler, the cooler of 
the washing step at the top of the absorption column and in the heat exchangers for the intercooling of the CO2
compression. The reboiler is the largest heat sink in the system. Simulations show, that a lean loading of 0.28 is 
more advantageous than 0.2. Furthermore, the reboiler heat duty is strongly dependent on the reboiler pressure. If 
the pressure is to low, too much water can be found in the gaseous phase, because its vapor pressure rises faster at 
low pressures than that of CO2. Thereby, the reboiler heat duty increases due to the evaporation. The reclaimer 
needs higher temperatures than the reboiler, but has only a low solvent flow-rate to treat. A large amount of 
electrical energy is needed for CO2 compression. 
3. Model of the power plant with integrated CO2 capture and compression 
Based on a concept study [5] a model of the reference power plant North-Rhine Westphalia is built in the power 
plant simulation software Ebsilon Professional®. The reference power plant is a hard coal fired power station with a 
gross power output of 600 MWel and a net efficiency of 45.9 %. 
The given parameters can be very well fitted with the Ebsilon Professional® model. On this account the model can 
be used to integrate the heat sources and sinks caused by CO2 capture and compression. These are listed in Table 1.
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Figure 2: Comparison of simulation results and published data for the absorption and desorption column 
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Table 1: Heat sources and sinks 
Heat sinks Heat sources 
Steam for reboiler and reclaimer  Heat of condensation in the condenser at the top of the 
stripping column 
Electrical Power for flue gas blower Temperature rise due to exothermal absorption reaction 
Electrical Power for pumps  Remaining heat in the lean solution after the lean-rich-heat 
exchanger 
Electrical Power for CO2 compression CO2-stream after compression steps/intercooling 
 Flue gas before the absorption column 
 Water wash 
By integration of all heat sources and sinks and considering the energy for a CO2 compression up to 100 bar, the 
net efficiency of the power plant is reduced by 12-13 percentage points. As can be seen in Figure 3, the steam that 
condenses in the reboiler is feed in the feed water heating. The stream is very large and has a temperature of more 
than 120°C. For this reason, the integration of the condensed water leads to a reduction of extraction steam for the 
feed water heating. 
4. Measures to reduce the loss of efficiency 
Flue gas components like dust and SO3 lead to a higher pressure drop in the absorber or solvent degradation in 
the scrubbing system. A condensation wet ESP can be used as a last step of flue gas cleaning before the CO2
absorber. Furthermore, the flue gas cooling and condensation of the water in the flue gas has a positive impact on 
the absorption and the water balance of the system. The absorption is an exothermic reaction, for this reason a low 
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Figure 3: Reference power plant with CO2 capture and compression 
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temperature of the flue gas is advantageous. In case of the usage of a condensation wet ESP, the condensation would 
need larger surfaces than the ESP. Therefore, the cooling of the flue gas before the flue gas desulfurization plant is 
beneficial, because it leads to less evaporated water and thereby to less water, which has to be condensed behind the 
wet ESP. The heat before the flue gas desulfurization plant can be transported via a heat displacement system to the 
fresh air before the air preheater. In doing so, not only the absorption system gains some advantages, but also the 
power plants net efficiency rises about 0.5 percentage points. The heat displacement system can be seen in Figure 4.
The CO2 capture process emits large amounts of low temperature heat. To reduce the loss of efficiency caused by 
CO2 capture and compression, measures should aim to use this low temperature heat. Media like ammonia can be 
evaporated at lower temperatures than water, so they can be used either for an Organic Rankine-or Kalina Cycle or 
as process medium in a heat pump. 
Organic Rankine- and Kalina Cycles as well as heat pumps are integrated in the Ebsilon Professional® model. 
First, a simplified model was built to compare different process media. Thereby, ammonia shows the best 
characteristics, because it was able to produce the largest turbine power with a comparatively small mass flow, so it 
was used as reference medium for all integrated cycles.  
Figure 5 shows the heat sources occurring in the CO2 separation and compression.  
Figure 6 visualizes the heat flow and the temperature level of the different heat sources. The nomenclature of the 
heat sources is the same as in Figure 5. The largest heat flow originates from the solvent cooler, but has a relatively 
low temperature (60-40°C). High temperatures occur especially in the heat exchangers for the CO2 intercooling.  
Figure 4: Heat displacement system  
Figure 5: Heat sources in CO2 capture and compression 
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4.1. Organic Rankine Cycle 
The functionality of an Organic Rankine Cycle is 
based on the evaporation of the process medium and 
the expansion in a turbine, followed by a 
condensation step with cooling water and pressure 
rise, before anew evaporation.  
To increase the efficiency of an ORC, either the 
upper process pressure and thereby the turbine inlet 
temperature has to be increased or the lower process 
pressure has to decreased. Because the condensation 
temperature is limited by the cooling tower 
temperature, increasing of the upper pressure is the 
only possibility for process improvement. 
By variation of different process parameters, 
except of the condensation temperature, which was 
kept at 30°C, it was shown, that a two-stage process 
with a low pressure and a high pressure turbine is 
the most advantageous. Further improvement can be reached by overheating the ammonia vapor. 
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4.2. Kalina Cycle 
The Kalina cycle is based on the ORC, but the process 
medium is replaced by a water-ammonia mixture. This 
causes an evaporation and condensation at rising 
respectively decreasing temperature and a decomposition 
of the fluids with rising temperature. At a constant mass 
flow, more heat can be transferred by using the Kalina 
process. 
The evaporation temperature depends on the 
composition of the medium. The presence of a large 
ammonia concentration leads to a decreased evaporation 
temperature. Hence, the system has an additional degree of 
freedom in comparison with a single medium. 
The Kalina Cycle aims to improve the efficiency of the 
waste heat usage by increasing the difference between the 
composition before the turbine and before the 
condensation. 
Parameter studies show, that a two-stage Kalina Cycle with 
two recycles yields the best results. More recycles can lead 
to further improvements but increase the complexity of the 
process. 
The Kalina process is patent protected by Exergy. Siemens 
Industrial Solutions and Services, M+W Zander are the licensees for the European countries.  
4.3. Heat pumps 
In heat pumps, the medium is first evaporated at a low temperature then compressed. The compression leads to a 
higher temperature that is used to heat another stream. In doing so, the process medium condenses and is then 
expanded via a throttle. In this process waste heat from a heat source of the CO2 capture process can be used to 
support the feed water heating or the reboiler heating. Using the condenser heat from the top of the desorber and 
transferring it to the reboiler leads to an improvement of 0.7 percentage points, while transferring it to the feed water 
heating attains 0.49 percentage points. 
4.4. Flue gas recirculation 
If only one absorber should be built for the whole flue gas stream, it would have a diameter of 18 m. Parameter 
studies were done to analyze the impact of different flue gas recirculation rates on the absorber diameter and the 
power plant efficiency. At a recirculation rate of 25 %, the absorber diameter is reduced to 15 m, but the impact on 
the efficiency is quite negative, because the firing needs an air ration of 1.15. The recirculation increases the CO2
concentration. To reach the needed air ration, oxygen has to be provided by an air separation unit. This is very 
energy consuming. So the advantages for the CO2 capture plant are not gainful enough to compensate the 
disadvantage of the need of an air separation unit. 
5. Conclusion 
With the help of simulations, heat sources and sinks of a CO2 capture process were quantified. An integration of 
these in a power plant process showed a large influence on the efficiency. Adding measures to recover the waste 
heat can highly reduce the loss of efficiency.  
Table 2 shows a summary of the simulation results. It can be seen, that the best results can be achieved by adding 
an Organic Rankine Cycle to use the waste heat. The Kalina process gains also good results, but with a more 
complicated system and more instruments. The reduction of efficiency loss is smaller, if a heat pump is used, but the 
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streams that are needed to run the heat pump are noticeable smaller than those needed in the other systems. 
Furthermore, fewer heat exchangers are needed. The recirculation of the flue gas has a negative impact on the 
efficiency.
Table 2: Comparison of different model variations 
Model net net 
Reference power plant (RPP) 45,9 % - 
RPP with CO2 capture ~ 33-34 % 12 – 13 %-points 
RPP with CO2 capture and heat pump ~ 35 % 11 %- points 
RPP with CO2 capture and ORC > 36 % < 10 %- points 
RPP with CO2 capture and Kalina-Cycle < 36 % > 10 %- points 
RPP with CO2 capture and 50% flue gas recycle ~ 31 % because of ASU ~ 15 %- points 
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